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I ZINTRODUCTION

(i) Standard Model

e we have found the Higgs: My ~ 125 GeV
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e Higgs Boson Production
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e Discovery: LHC [Tevatron]
— Higgs mass
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o WW — WW @ high energies
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e ff - WW @ high energies

e analogously for kg

e modifications: (i) higher-dim. operators — eff. Lagrangians
(ii) extended Higgs sectors (mixing, loop effects)



II1 EFFECTIVE LAGRANGIANS

(i) weakly interacting theories

e effective higher dimension operators up to dim 6 Burges, Schnitzer
Leung, Love, Rao

Buchmtller, Wyler
Grzadkowski, Iskrzynski, Misiak, Rosiek

Giudice, Grojean, Pomarol, Rattazzi

1
L = ﬁSM-I-pZO@;Oi
1

p— £SM —|— Z Eioz'
i
= Loy +ALging+ALp + ALp, + ALpos + ALy + ALcp

[assume A large]

e assume Higgs SU(2)-doublet
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e after using EOM: 53 (59) independent dim6 operators
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e Classification: [® = H, ® = ic2d*]

®® and P*D?
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e power counting: H — O(g+/M =1/f), 0y — O(1/M)

= expansion in H/f and E/M

2

_ v? _ mi, _ m2,
CH,CT,C6,Cyp ™ O ) Cw,CB ~ O M2 ) CHW,CHB, Cy,Cqg ~~ O 167T2f2

2
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Giudice, Grojean, Pomarol, Rattazzi

e canonical normalization, unitary gauge:




L= %auh 9"h — %m%hQ - 03% (3752) h? — 2 p—u,dyy T Py (14 Cw% +..)
+m3, WWH (L+2ew 2+ .. ) +ImZ2 2,20 (1 4+ 2c,24+...) + ...
+ (eww WEW ™ + Z 20, 2" + cz0 Zwy™ + G v + % G, GH) 5

+ (cwaw (W DLW + hec) + czoz Zu0uZM + czor Zyawu'/) By

Higgs couplings ALsirmg MCHM4 MCHM5
CW 1—cy/2 1—-¢& 1—-¢
¢z 1—&y/2 — 2&r JI—¢ JI—¢

_ _ 1—2¢
cy (Y =wu,d,l) 1—(cu/2+cy) v1—-¢ \1/1_7_25
c3 14 ¢ — 3cy/2 VI=¢ 1_2
Cqg 8 (as/a2) ¢4 0 0
Cory 8sin“Oy ¢, 0 0
CZ~ (EHB —cgw — 8 E,y Siﬂ29w) tan Oy 0 0
CWW —2cyw 0 0
Cz7 —2 (EHW + cyp tan29W — 4(_37 tan29W Sin29w) 0 0
CWow —2(cw + caw) 0 0
cz07 —2(cw + caw) — 2 (g + cup) tanOy 0 0
CZd~ 2 (EB + cyp — cw — EHW) tan 9W 0] 0
small deviations from SM couplings Contino, Ghezzi, Grojean, Mihlleitner, S.

8 operators relevant for Higgs physics



e constraints from precision measurements:
Ne1 = Ap = ep(my), —15x%x 103 < er(my) <2.2x 1073

Aes = cyw(mz) +cg(lmyz), —1.4x103< cw(myz) +cg(myz) < 1.9 x 1073

e /-pole measurements:

091 _ lenw + 2T37, Cyy 09 Ry _ 1 cuy
9Ly 2 T3L — QSiﬂQQW ’ IRy 2 QSiﬂQQW
~0.03 < &1 < 0.02, —0.002 < &,; < 0.003,
—0.005 < cpgpp < 0.003, —-0.003< E}IQQ < 0.005,
—0.008 < ¢y < 0.02, —0.03 < &yg < 0.02, —0.03 < Zys < 0.02
—0.004 < ¢y + Ty < 0.002, —0.003 < &y, — &y < 0.0002, —0.0007 < ¢ < 0.003,
—0.02 < Eny, + Ty, < 0.005, —0.02 < &, < 0.03,

—0.003 < cpy, — E'Hq3 < 0.009, —-0.07 <cgp < —0.005



e EDMSs: neutron & mercury:
—7.01 x107° < Im(€up + cuw) < 7.86 x 107°,
—9.42 x 107" < Im(¢sp — cqw) < 8.40 x 1077,
—1.62 x 107° < Im(c,) < 2.01 x 1079,

—7.71 x 107" < Im(¢ys) < 5.70 x 1077,

e top quark: nNEDM, b — sv,st1Te—:

~1.39x107* <Im(Ge) < 1.21 x 1074

tt cxns @ Tevatron & LHC:

—6.12 x 1073 < Re(gr) < 1.94 x 1073
—1.2 < Re(&w) < 1.1, —0.01 < Re(&w) < 0.02



e leptons: EDMs & anomalous magnetic moments:
—1.64 x 1072 < Re(¢.p — o) < 3.37 x 1073,
1.88 x 107* < Re(¢,p — cuw) < 6.43 x 1074,

—2.97x 107" <Im(C.p — cow) < 4.51 x 1077,
—0.26 < Im(C,5 — ¢v) < 0.29,



v

+mWWMW (1—|—QCw%—|—...)—I—%m%ZMZH<1_|_QCZﬁ_|__”)+“.
+ (CWW W;;W_W + CZTZ Ly ZP + cz~y Zjp " + - = Y Y Y+ Cq" Ga Ga’“y) %

+ (cwaw (W DWW + h.c.) + czoz ZuduZM + czor Z,,a,ﬁw) By

L= 30uh 0"h—ImZn2 — e} (20) 13 = 50, gm0 POWO (14 cpl 4 .)

e also valid in case of a non-linear Lagrangian for a light Higgs-like
scalar [h generic CP-even scalar]

= expansion in E/M (derivatives) only, large deviations from SM
couplings — Ac; > &

SILH: expansion in v2/f?, E?/M?, as/m, o/

non-lin.: expansion in E2/M?, as/m




e how to include state-of-the-art calculations?

e.g. eHDECAY http://www.itp.kit.edu/~maggie/eHDECAY/
o h— ff:
_ — _ _ 2
"W s = FoT W) |1 =8 = 28 F R (4570 AT ) | L0y ]
Ty, = G Te" (@) [1+6,x9]

AZM: SM tree-level amplitude

ATM - SM elw. amplitude [real corrections treated analogously]

e factorization of QCD <« elw. [limit small my,]

e NL: no elw. corrections!



e h — gg:
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Ap(r) = Sr[+ -7 f ()

i

5> 1
arcsin® — T>1
T
PO = apaevie 7
__ — T T .
| 4l 1-VI-=7
3 7 as11
RIH =14+ = (T—ENF)JFO(aE), i =1+ +0(ad)

Inami, Kubota, Okada
Djouadi, S., Zerwas
Chetyrkin, Kniehl, Steinhauser
Kramer, Laenen, S.

Baikov, Chetyrkin

kNVLO(14,7,): NLO mass effects ( S 5% in SM)



® h — ~yv:

G 3
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. 2 —_
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c _\ 4
aatm) = = X 3 (Z+a) sl () - (L +2) 5021 ()
q= tbc
_ (C—H _ 20W> Ay ()
2
Ai1(t) = —2437+37(2—-71) f(7)]
AV () = Arpa(r) (1 + kgep)
_ . : Djouadi, S., Z
® KQCp: Massive QCD corrections I\J/IoelIJr?iklov, Yakeorﬁi

Inoue, Najima, Oka, Saito



e h — Zv:

3
(;’2 aemmzwm‘o’ m2
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SILH 6474

X { | ASM (Z) \2 + 2Re(AM(Zv) AA(Z7))

4mtan Oy ,_ _ - . *
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2
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o h — Z*7*, W*W*:

(mr—Q1)? 2
NUA / 191 mly / o Wyl r(vv)
I 22
QQ—mV mi 5 Jo (Q%_m\%) +my Ty
2 2+Q2
ayy Q +Q2 Ql )
I’(VV)‘NL = rSM(VV) X {C‘Q/ — 2cy [T (1 — mh ) —I—avav—m% ]
A(QF.Q3,m2) (1—(Q3+Q3)/m? )}
+cvayy
' (Q3.Q3.m3) +12Q3Q3/m
m% __ Cvov m_%
ayy = vam—‘z/, avov = — m2
«SM 4 SM
rovv)|,,, = v+ I‘SM(VV)| AT Re (Ag™ A5
—~ 2 2 2 2
a Q +Q2 - Ql +Q2
I yyy = mMyv) x {1 — Ty — 2 [—;V (1 - —1mi ) -I—avav—m%
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(@@ m) + 120303 m
12Q2Q2
5VGFm2\/ 222(222 192
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i mp —~ 2 - 2 . 2
aww = —Qm—QhEHw, Qzz = —2 m—g (CHW + cygptan<ly — 407 tan<Oy sin Qw)
myy Z
2 : L A,
awow = —2 27:;; (cw +cuaw) , azoz = —2 2m2 (CW+CHW + (¢p + cup) tan W)
W



e approximate formulae [w/0 elw. corrections]: as = \/§Gpm%v/7r

(Y1)
C(Y) sm

F(h — WEW*)
I‘(h — W(*)W*)SM

~ 1—cy— (2 —xy)Ey—xpG  Tpes = 0.0085,0.015,0.029

l—cy+22cw + 3.7caw

12

F(h — Z®)Z*)

~ 1—¢ 2.0 (¢ tan20y, ¢
F(h = 2002 s cH + (ew + w CB)

+3.0 (¢gw + tan®Ow cyp) — 0.26 ¢,

r(h— 2
( 7) ~ 1—¢y+0.12¢—-5-10"%¢—0.003¢,—9-10°¢,
FC(h = Zv)su
_ _ _ . 4
+4.2¢w + 0.19 (¢gw — Eup + 8¢y sin“by) o
M(h —
(h=yy) Ci 4 0.54% — 0.003¢, — 0.007 &, — 0.007 &,
F(h — yy)sm
_ _ 47
+5.04cy — 0.54 ¢,
Aem
(h — 4
(h=99) . 4 212540024z + 015, + 22.2 gy —
F(h — 99)sm Qo

+— eHDECAY Contino, Ghezzi, Grojean, Mihlleitner, S.



OTHER APPLICATIONS : PRODUCTION

(i) Higgs ppr (or how to prove that ggF is loop-mediated)

9

> 9

e distinction dim4 < dimb

do/dp,/dy (nb/GeV)
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e first studies Banfi, Martin, Sanz
Azatov, Paul

Englert, McCullough, Spannowsky
Grojean, Salvoni, Schlaffer, Weiler

my = 160 GeV

Ellis, Hinchliffe, Soldate, van der Bij



(ii) anomalous Higgs couplings [e.g. composite Higgs]

g “0000) //H g s H g “0000)

7/ 7/
t,b 4 -—-- -Q\ + t,b 4 \ — t,b 4 Ctt/vb

9 9000) NHo g —Ll - H 9 9000)

e threshold region: sensitive to A
large Mpp: sensitive to ¢y, [€.9. boosted Higgs pairs]

e Similar effects for other Higgs pair production modes

e tiny event rates



9 o000 v
g 700000 -
1000 ¢

100 |

10

o(pp — HH + X) [fb]
MH =125 GeV

gg — HH

.qq' = HHqq]]
" qq/gg — ttHH |

“,...._. q(_l/ N WHH_
qq — ZHH ]
1 -’/I -
0.1 | . | .
» 75 100

e ttHH @ NLO

Vs [TeV]

Baglio, Djouadi, Grober, Muhlleitner, Quevillon, S.

Frederix, Frixione, Maltoni, ...



e simplified scheme [« LHC]

rescale SM Higgs couplings — Kty Ky )z

rescale SM Higgs couplings to vv,gg — Ky, kg [if NOt Vvia k¢, ky/]
rescale total SM Higgs width — kg

include all QCD and elw. corrections [factorized]

2 D
Fog Ry

2
RKpg

e.d. (o Xx BR)(99 =+ H — vvy) = o5y (99 — H)BRgp (H — v7v) X

— A. David

reliable within 10—20%




III BEM MODELS

(i) Higgs portal models

A A
o dark sector: Lnpew = —pu2|¢s|? — pu3|dgl® — Eslcbsld' — §d|¢d|4 — n|¢s|?|pal?

2
2 AsVS  Nusv
M —_< s /\82d>
NusvVq  AdVq

2
= gs = g;fM cosy with tan(2y) ~ — % (vg > vs)

1 AdVd
e LHC
_—C decays into inv. light dark fermions — I;,,,
e HL-LC

0.1 ¢

5; Englert, Freitas, Miuhlleitner,. ..
(]
UJE_.
2 -
T 0.01F
0.001

0 0.9 0.99 0.999
cos? y



(i) 2HDM

Vo= ma1|¢1]? + m3aldal? — mIs(¢ldo + .c) + Arldr]* + Aalol?
1
+ >\3|¢1\2|¢2|2+A4|¢§¢2|2+§>\5[(¢J{¢2)2+h-C]

Monpmlh — X]

e heavy 2nd Higgs doublet = miHHi =

sin 203

+ O(v?) and h SM-like

type I type II lepton-spec. flipped

rSl\/I[h - X] \'48, \'48, P P PP

VVv* sin?(8 —a) sin?(B—a) sin®(8—a) sin?(8—a)

_ cos? o cos? o cos? o cos? o

uu . . 2 .
sin< 3 sin< 3 sin< 8 sin< 3
71 cos? o sin? o cos? o sin? o
sin? 3 cos? 3 sin? 3 cos? 3
. cos? o sin? o sin? o cos? o
sin? 3 cos? 8 cos? 3 sin? 3

2
2m12




= Single parameter:

2
¢ = —— sin2(28) [\ — Az 4+ (A1 4+ A2 — A3 — Mg — As) COS 28]
QmA

CcOSs? o sin? o

2ﬁm1—|—2§cotﬁ Coszﬁzl—Qgtanﬁ

sinz(ﬁ—a) ~ 1—52 :
sin

type-I type-11 lepton-specific flipped

16
14
12

10

0 - 0 o == 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
tan B tan B tan B tan B

oON B~

Lopez-Val, Plehn, Rauch



(iii) MSSM

o 92}5 g{’i
h ca/85 —Sa/05 SB—q
H | sa/sg | ca/cg | cg—q
A | ctgp tgps o)

e decoupling limit: M4 > Myz: h SM-like

Msusy[h — VV¥]

[ sm [h — VV*]
Msusy[h — uy]

Csm[h — uu]
Msusy[h — dd]
MCsm[h — dd]

3 2 12
(g*+g%) m 09

4
t ~ L
1672sin? 8 m%, m?

+(A7 — p* — 2Apcot 23) (

th

tgsT = i ng gvi
1— m Sin® 26 (cos28 + R;)?
mé
23
~ 1+ 4m3 COs (cos 26 4+ Ry)
m4
~ 1-— 4stm b (cos2B + Ry)
mj
,ucotﬁ mg
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e A, corrections to bottom Yukawa couplings:

b
b
P . MgHtaps Hall,. ..
(/5 _____ < 4 g + .- o 2 2 Carena,. ..
B N b Nierste,. . .
i Guasch,. ..
b etc.

= Jd.s 7= gy [violations also possible in lept. sector]

e |l0Op effects in ¢ — gg, v, Z~:
(00000 >¢g

g — -~ At,b, 1,0

QQQQQ g




(iv) NMSSM

e additional Higgs singlet — 7 Higgs bosons [neutralinos]: Hy 2 3, A1 2, H*

e iff 3 Higgses found: MSSM? NMSSM?7? — sum rules:

1 1
+ =1

3
> 9tvy =1

3 2 3 2
=1 2i=19H4t  2i=19Hbb
e.g. Hy», Ay discovered, Hy SM-like:
M, =126GeV M, =126GeV
1001 ! ! ! ! ! ! ! - 2 I
1F . = 1.95F .
0.999 - - S 19| -
o +
2 0998 |- N . = 1.85 .
T o::. ° NOI7
S—D 0997 I~ ':... . 1 ‘_T 18 I~ - .
NS 0996 % . —= 175 Y .
> ® % o} .
T 099 . . NESR A .
(o) . o))
0.994 . o165 .
0.993 | - ~I 16 - .. -
0992 | | | | | | | _ 155 | | L | : | | |
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
My, [GeV] My, [GeV]

= sum rules useful for consistency tests Englert, Freitas, Mihlleitner,. ..



9= > M1+ 4y A

A2

Scenario/framework LHC | HL-LHC LC HL-LC
Higgs portal 0.23 0.28 0.44 0.56
2HDM type-II (tanB ~ 1) 0.52 0.58 1.15 1.6
2HDM type-II (tanB8 ~ 10) | 0.33 0.36 0.7 1.0
D = 6 effective operators:

hV'V 0.78 0.87 2.6 3.3

hff 0.45 0.50 1.0 1.4

hgg contact 0.55 1.1 1.3 1.8

h~y~y contact 0.15 0.18 0.24 0.36
Strong interactions 0.9 1.1-2.0 || 2.8-5.1 | 3.4-5.6
hgg loop effects:

scalar triplet 0.16 0.31 0.37 0.52

scalar octet 0.39 0.75 0.92 1.3

vector octet 1.8 3.5 4.2 5.8
h~~ loop effects:

scalar triplet 0.15 0.18 0.24 0.36

scalar octet 0.25 0.29 0.39 0.60

vector octet 1.1 1.3 1.8 2.7

Englert, Freitas, Muhlleitner, Plehn, Rauch, S., Walz




IV CONCLUSTONS

e deviations of Higgs couplings: dim6, BSM

e dim6: SILH & non-linear Lagrangians

e systematic extension of SM — well-defined expansions
e SILH: expansion in v2/f2 E2/M?, as/7, o/

e non-lin.: expansion in E2/M?, as/n

e BSM: mixing effects, |loop effects

— sensitivity to TeV scale already now



BACKUP SLIDES
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[1 + 0.895 = + O(a;Q)]
2

:1 +1.014 z + O(:UQ):

:1 4+1.175 = + O(:UQ):
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